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There is compelling evidence showing that the structurally complex pectic polysaccharide
rhamnogalacturonan II (RG-II) exists in the primary cell wall as a borate cross-linked dimer
and that this dimer is required for the assembly of a functional wall and for normal plant
growth and development. The results of several studies have also established that RG-II
structure and cross-linking is conserved in vascular plants and that RG-II likely appeared
early in the evolution of land plants. Two features that distinguish RG-II from other plant
polysaccharides are that RG-II is composed of 13 different glycoses linked to each other
by up to 22 different glycosidic linkages and that RG-II is the only polysaccharide known
to contain both apiose and aceric acid. Thus, one key event in land plant evolution was
the emergence of genes encoding nucleotide sugar biosynthetic enzymes that generate
the activated forms of apiose and aceric acid required for RG-II synthesis. Many of the
genes involved in the generation of the nucleotide sugars used for RG-II synthesis have
been functionally characterized. By contrast, only one glycosyltransferase involved in the
assembly of RG-II has been identiﬁed. Here we provide an overview of the formation of
the activated sugars required for RG-II synthesis and point to the possible cellular and
metabolic processes that could be involved in assembling and controlling the formation of
a borate cross-linked RG-II molecule. We discuss how nucleotide sugar synthesis is com-
partmentalized and how this may control the ﬂux of precursors to facilitate and regulate
the formation of RG-II.
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INTRODUCTION
The pectic matrix of the plant primary cell wall is comprised of at
least three polysaccharide domains, homogalacturonan, rhamno-
galacturonan I, and rhamnogalacturonan II (RG-II), that are
believed to be covalently linked to one another (Caffall and
Mohnen, 2009). Rhamnogalacturonan II is a low-molecular-
weight(seeFigure1A),structurallycomplexpecticpolysaccharide
that is released when plant cell walls are treated with endo-α-
(1,4)-polygalacturonase (Darvill et al., 1978). RG-II contains 13
different monosaccharides (Darvill et al., 1978; Spellman et al.,
1983a;Yorketal.,1985;Stevensonetal.,1988a)andhasabackbone
composed of 1,4-linked α-d-GalpA residues (Puvanesarajah et al.,
1991;seeFigure1A).Aseriesof structuralstudies(Spellmanetal.,
1983b;Yorketal.,1985;Meltonetal.,1986;Stevensonetal.,1988b;
Thomas et al., 1989; Puvanesarajah et al., 1991; Whitcombe et al.,
1995; Pellerin et al., 1996; Vidal et al., 2000; Glushka et al., 2003)
established that four different oligosaccharide side chains (A–D,
see Figure 1A) are linked to this backbone, although their order
alongthebackboneisnotknownwithcertainty(duPenhoatetal.,
1999; Glushka et al., 2003; Pérez et al., 2003). RG-II has also been
isolated from the cells walls of gymnosperms (Edashige and Ishii,
1998;Shimokawaetal.,1999),lycopodiophytes,andpteridophytes
(Matsunaga et al., 2004). Thus, RG-II is likely present in the walls
of all vascular plants. Nevertheless, RG-II remained an enigmatic
component of the cell wall with no known function for almost
20years after its discovery.
The results of several studies had led to the suggestion that an
interaction between borate and pectin is important for wall struc-
tureandforplantgrowthanddevelopment(Matohetal.,1993;Hu
and Brown, 1994; Hu et al., 1996). The ﬁrst clues that this inter-
action involved RG-II began to emerge when it was shown that
the amounts of RG-II present in the cell wall are correlated with
the boron requirements of ﬂowering plants (Matoh et al., 1996)
and that two RG-II molecules are cross-linked to one another
by a borate diester (Kobayashi et al., 1996;s e eFigures 1B,C).
This diester bond is located between the apiosyl residue of side
chain A in two separate RG-II molecules (Ishii et al., 1999;s e e
Figures1B,C).Togetherthestudiesof boratecross-linkingof RG-
II in vitro (O’Neill et al., 1996, 2001; Fleischer et al., 1999; Ishii
etal.,1999;Kobayashietal.,1999)ledtothehypothesisthatborate
diester formation and stability in vivo are likely inﬂuenced by the
primary structure of RG-II, wall pH, and calcium ions.
At least 90% of the RG-II in the primary cell wall is cross-
linked when plants are grown with an adequate supply of borate
(Kobayashi et al., 1996; O’Neill et al., 1996; Matoh et al., 2000).
By contrast, virtually none of the RG-II is cross-linked when
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FIGURE 1 | Rhamnogalacturonan II. (A)The glycosyl sequence of RG-II.The
nominal mass for the RG-II monomer is 4,612, assuming a backbone of 7
GalA residues and fully decorated side chains. (B) Cartoon showing the
cross-linking of two RG-II molecules. (C)The borate diester cross-link. When
two apiosyl residues are linked by a borate diester, the boron atom is chiral,
and two diastereoisomers (bis[3-C-(hydroxymethyl)-β-L
threo-furanoside]-(R)-2,3:2
 ,3
  borate) and (bis[3-C-(hydroxymethyl)-β-L-
threo-furanoside]-(S)-2,3:2
 ,3
  borate may form (O’Neill et al., 2004). It is not
known if one or both diastereoisomers are formed when RG-II is cross-linked
in the cell wall.
suspension-cultured Chenopodium album c e l l sa r ea d a p t e dt o
grow in the absence of added borate (Fleischer et al.,1999). More-
over, the walls of these cells have pore sizes that are ∼60% larger
than their borate-grown counterparts. Pore size and RG-II cross-
linking return to near-normal values when the cells are supplied
with borate suggesting that RG-II cross-linking affects the size
of molecules that can diffuse through the wall (Fleischer et al.,
1999). The lack of RG-II cross-linking also reduces the strength of
the wall, which ruptures when the borate-deﬁcient cells enter the
stationary growth phase (Fleischer et al., 1999). Reduced borate
cross-linking of RG-II is associated with reduced growth, brittle
tissues, and swollen cell walls when pumpkin plants are grown in
the absence of added borate (Ishii et al., 2001, 2002). Similarly,
tobacco cells adapted to grow in low-borate media have much
thicker walls than is normal and most of the RG-II is not cross-
linked (Matoh et al., 2000). Mutations that alter RG-II structure
and thereby decrease its ability to cross-link with borate have also
been shown to be deleterious to plant growth and development
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(O’Neill et al., 2001; Noguchi et al., 2003; Reuhs et al., 2004; Ahn
et al., 2006; Delmas et al., 2008; Voxeur et al., 2011). Such results
whentakentogetherwithevidencethatRG-II,homogalacturonan,
and rhamnogalacturonan I are covalently linked to one another
(Ishii and Matsunaga, 2001), are consistent with the hypothesis
thatcross-linkingof RG-IIresultsintheformationof apecticnet-
work within the primary cell wall (Brown and Hu, 1997; Matoh
and Kobayashi, 1998; O’Neill et al., 2004). The inability to form
this network likely alters the mechanical and physical properties
of the cell wall and may account for many of the growth defects
observed when vascular plants do not have an adequate supply of
boron (Loomis and Durst, 1992).
The conserved structure of RG-II likely ensures that two RG-
II molecules can interact with one another and with borate to
self-assemble into a dimer. This dimer apparently is essential for
the formation of a functional wall. Nevertheless, there is evi-
dence that the glycosyl sequences of RG-II isolated from different
plants are not identical. Such natural differences typically involve
variations in the external monosaccharides of a side chain (see
Figure 1A) and have no discernible effect on borate cross-linking
or plant growth. For example, side chain B exists predominantly
as a heptasaccharide in Arabidopsis (Glushka et al.,2003) and rice
(Thomas et al., 1989) RG-II and predominantly as a nonasac-
charide in sycamore (Whitcombe et al., 1995), wine (Glushka
et al., 2003), and citrus (Séveno et al., 2009). The B side chain
of the RG-II isolated from the walls of several non-ﬂowering
plants contains terminal non-reducing 3-O-methyl rhamnose
rather than terminal non-reducing rhamnose (Matsunaga et al.,
2004). There are no published data showing structural varia-
tions in side chains A, C, and D. Nevertheless, other glycoforms
may exist as RG-II has only been isolated from a limited num-
ber of plants and structurally characterized. Furthermore, the
possibility cannot be discounted that RG-II structure varies in
different plant tissues and cell types. If other RG-II glycoforms
do exist they may provide insight into the minimum glyco-
syl sequence that is required for borate cross-linking and for a
functional wall.
RG-II is the only glycan known in nature to consist of such
a large number of different sugars linked to one another by so
many different glycosidic linkages. However, it is not known if
this structural complexity is required solely to ensure that RG-II
can interact with borate to form a functional wall or if RG-
II has other as yet unidentiﬁed functions. To fully deﬁne the
role(s) of RG-II in the cell wall requires in-depth knowledge of
the molecular processes leading to the initiation of RG-II syn-
thesis, the elongation of the backbone, and the formation and
modiﬁcation of the four side chains. Here we brieﬂy review
recent genetic and biochemical studies that have contributed to
a better understanding of some of the factors involved in RG-II
formation.
NUCLEOTIDE SUGARS REQUIRED FOR RG-II BIOSYNTHESIS
RG-II synthesis is believed to occur in the Golgi apparatus
(Mohnen, 2008) and, due to its structural complexity, requires
a large number of different activated sugars, speciﬁc glycosyl-
transferases and additional enzymes required for methylation and
acetylation of side chain residues. RG-II formation requires the
following nucleotide sugars: UDP-d-Xylp, UDP-d-Galp, UDP-d-
GalpA, UDP-d-GlcpA, CMP-d-Kdo (2-keto-3-deoxy-d-manno-
octulosonic acid),UDP-l-Rhap,UDP-l-Arap,UDP-l-Araf,GDP-
l-Fucp,and GDP-l-Galp (Figure2). In addition,UDP-d-Apif [3-
C-(hydroxymethyl)-d-glycero-tetrose], a plant-speciﬁc activated
branched-chain sugar (Mølhøj et al., 2003; Guyett et al., 2009),
and the as yet unidentiﬁed activated forms of Dha (2-keto-3-
deoxy-d-lyxo-heptulosaric acid) and aceric acid (3-C-carboxy-5-
deoxy-l-xylose)arealsonecessary.Severalstudieshaveshownthat
mutations that affect the formation of nucleotide sugars involved
in RG-II synthesis may severely impact plant growth and devel-
opment. For example, the lack of UDP-Api (Ahn et al., 2006)o r
CMP-Kdo (Delmas et al., 2008; Kobayashi et al., 2011) is lethal.
By contrast, reducing the amounts of GDP-l-Fuc (O’Neill et al.,
2001) and GDP-l-Gal (Voxeur et al.,2011) that are formed results
in decreased plant growth. This is likely due to reduced RG-II
cross-linking as plant growth is rescued by feeding the plants with
exogenous supply of borate (O’Neill et al., 2001; Voxeur et al.,
2011).
Glycosyltransferases (GTs) are enzymes that transfer a sugar
from the nucleotide sugar in a linkage-speciﬁc manner to extend
an acceptor.We estimate that at least 22 speciﬁc GTs are needed to
synthesizeRG-II,basedontheassumptionthatoneGTisrequired
for the formation of each different glycosidic linkage. Addition-
ally,two O-methyl transferases,two O-acetyl transferases and the
enzymes that generate their respective donors are required for the
modiﬁcation of side chain monosaccharides.
Many of the activated sugars used for the synthesis of RG-II
are also used for the synthesis of other plant glycans includ-
ing polysaccharides,glycoproteins,proteoglycans,glycolipids,and
low-molecular-weight glycosides. By contrast, RG-II and apio-
galacturonan, which has a backbone composed of 1,4-linked α-
d-GalpA residues that are substituted at O-2 with apiosyl and
di-apiosylsidechains(HartandKindel,1970;Ovodovetal.,1971;
Longland et al., 1989; Gloaguen et al., 2010), are the only poly-
saccharides known to require UDP-Api for their formation. To
date, apiogalacturonans have only detected in the cell walls of
selectedmonocotsincludingLemna andplantsreferredtoas“sea-
grasses” (Hart and Kindel, 1970; Ovodov et al., 1971; Gloaguen
et al.,2010).
CMP-Kdo is required for the formation of RG-II and may also
beusedforthesynthesisof glycolipids(Lietal.,2011),whereasthe
activated forms of AceA and Dha appear to be used only for the
synthesis of RG-II. Thus, for RG-II to be produced by early land
plants, either existing NDP-sugar biosynthetic genes/pathways
evolved new functions to allow for the formation of different
sugars or new genes were recruited to expand the repertoire of
activated sugars. With the exception of UDP-Api and the acti-
vated form of AceA, sequence data provides evidence that genes
involvedintheformationof theremainingnucleotidesugarswere
presentingreenplantspriortotheexistenceofRG-II(seeTable 1).
For example, CMP-Kdo synthetase has been proposed to have
appeared in plants through an ancient horizontal gene transfer
event from endoparasitic eubacteria similar to the genus Chlamy-
dia (Royoetal.,2000).Thedevelopmentof hypothesesdescribing
the sequence of molecular events that allowed plants to synthe-
size RG-II requires further phylogenetic analysis of NDP-sugar
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FIGURE 2 |The monosaccharides of RG-II and their corresponding
nucleotides.TDP-Rha is the activated form of rhamnose in bacteria. It is
not known if fucose and xylose are O-methylated when they exist as
nucleotide sugars or after they have been transferred to the side chains of
RG-II.The activated forms of aceric acid and Dha have not been
determined.
biosynthetic pathway enzymes from taxonomically diverse plants
and prokaryotes.
THE SUBCELLULAR DISTRIBUTION OF NUCLEOTIDE SUGARS
Nucleotide sugars are used in diverse cellular compartments
to form glycans and low-molecular-weight glycosides. For
example, UDP-Rha is likely used for the synthesis of RG-II and
rhamnogalacturonan I (RG-I) in the Golgi (Mohnen,2008) but is
alsousedinthecytosolfortheformationof rhamnose-containing
secondary metabolites including ﬂavonoids,and terpenoids (Bar-
Peled et al., 1991). The enzymes that form UDP-Rha are present
in the cytosol, therefore mechanisms must exist to transport this
activated sugar to the appropriate organelle. By contrast, other
nucleotide sugars including UDP-Xyl,UDP-Arap,and UDP-GalA
are made in both the cytosol and in the lumen of the Golgi (Bar-
Peled and O’Neill,2011). For example,UDP-GalA is formed from
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Table 1 |The occurrence of selected nucleotide sugar biosynthetic genes and pectic polysaccharides in green plants.
Plant UDP-Api UDP-Rha UDP-GalA UDP-Xyl UDP-Araf CMP-Kdo GDP-Gal Pectic polysaccharide
Nucleotide sugar biosynthetic genes1 RG-I RG-II HG
VASCULAR
Arabidopsis thaliana G+/E+ G+/E+ G+/E+ G+/E+ G+/E+ G+/E+ G+/E++ + +
Oryza sativa G+/E+ G+/E+ G+/E+ G+/E+ G+/E+ G+/E+ G+/E++ + +
Selaginella moellendorfﬁi G+/E+ G+/E+ G+/E+ G+/E+ G+/E+ G+ G+/E++ + +
AVASCULAR
Physcomitrella patens G+/E− G+/E+ G+/E+ G+/E+ G+/E+ G+/E+ G+/E++ ? +
ALGAE STREPTOPHYTE
Mesostigma viride Nd Nd Nd E− E− E+ E− ?? ?
CHLOROPHYTES
Chlamydomonas reinhardtii Nd G+/E+ G+/E+ G+/E+ G+/E+ Nd G+/E+ ?? ?
Volvox carteri Nd G+/E+ G+/E+ G+/E− G+/E+ G−/E− G+/E+ ?? ?
Scherffelia dubia Nd Nd Nd Nd Nd E+2 Nd ? ? ?
Chlorella sp. Nd G+/E− Nd G+/E− G+/E− G+/E− Nd ? ? ?
Micromonas sp. Nd G+/E+ G+/E− G+E− Nd G+/E− G+/E− ?? ?
Ostreococcus tauri/lucima Nd G+/E+ G+/E+ G+/E+ Nd G+/E− G+/E+ ?? ?
1Genes used for database queries were the functionally characterized Arabidopsis genes: UDP-apiose synthase (UAXS, AXS, At2g27860); UDP-Rha synthase (URS,
Rhm, At1g78570); UDP-GalA 4-epimerase (UGlcAE, GAE, At2g45310, for UDP-GalA); UDP-xylose synthase (UXS, AT3g62830); UDP-arabinose mutase (UAM, RGP ,
At3g02230); CMP-Kdo synthase (CKS, AT1G53000); GDP-Man 3,5-epimerase (GME, AT5g28840, for GDP-L-Gal). G, presence (+) or absence (−) of a sequence
homolog in publically available genomic data base (NCBI, January 2012). E, presence (+) or absence (−) of sequence homolog in expressed sequence tag (EST) data
(NCBI, January 2012). ?, indicates not detected or no data available. Nd, gene, or EST not detected in database.
2The scaly walls of Scherffelia dubia contain a sulfated
KDO polymer. No KDO synthase sequences were identiﬁed, although an EST was reported by Becker et al. (2001). No GalA-kinase detected in Physcomitrella and
the green algae.The possibility cannot be excluded that a transcript of the gene is expressed during a speciﬁc stage in the life of the plant.
UDP-GlcA by six 4-epimerase isoforms (UGlcAe) that reside in
the Golgi lumen (Gu and Bar-Peled, 2004). However, UDP-GalA
is also generated from GalA by a cytosolic GalA-kinase and a
UDP-sugarpyrophosphorylasereferredtoas“Sloppy”(Yangetal.,
2009). This raises the question of whether the pools of UDP-GalA
formed in the cytosol and in the Golgi are used for the synthesis
of speciﬁc polysaccharides. Some Golgi-localized glycosyltrans-
ferases have been shown to have their catalytic domain facing the
cytosol and thus likely use cytosolic nucleotide sugars for glycan
synthesis (Davis et al., 2010), whereas others including a GalA
transferase have their catalytic domain in the Golgi lumen (Ster-
ling et al., 2001). Additional studies are required to determine
the biological signiﬁcance of segregating the formation of some
butnotallUDP-sugarsinplants.Suchcompartmentalizationmay
provide an additional level of regulation to control the channel of
sugars for the synthesis of speciﬁc polysaccharides.
Recent reports suggest that the catalytic domain of CMP-Kdo
synthetase is localized to the lumen of mitochondria (Kobayashi
etal.,2011).Thus,mitochondriaareasiteofCMP-Kdoformation,
where it is presumably used for the synthesis of Kdo-containing
glycolipids(Sévenoetal.,2010;Lietal.,2011).If mitochondriaare
the only site of CMP-Kdo formation then mechanisms must exist
toexportCMP-KdototheGolgiforRG-IIsynthesis.Interestingly,
there are reports that there is vesicular trafﬁcking between the
mitochondria, the endoplasmic reticulum and the Golgi (Jouhet
et al., 2009). Yet, the possibility cannot be discounted that CMP-
KdoistransportedtotheGolgiviathecytosolorthatanaltogether
different CMP-Kdo synthase exists in the Golgi.
DO NUCLEOTIDE SUGARS FORMED IN THE CYTOSOL AND
GOLGI CONTRIBUTE EQUALLY TO RG-II SYNTHESIS?
There is compelling evidence that plants contain multiple genes
encoding enzymes involved in the synthesis of the same NDP-
sugar (Bar-Peled and O’Neill, 2011). Several hypotheses can been
put forward for the existence of multiple isoforms: (i) Isoforms
are redundant with one another, (ii) isoforms are expressed in a
cell and tissue speciﬁc manner, (iii) each isoform is localized to a
speciﬁc compartment within a single cell,(iv) individual isoforms
can function in different Golgi cisternae or within subdomains of
an individual cisternae, (v) individual isoforms are required for
the formation of glycan synthase complexes, and (vi) the activ-
ity of individual isoforms may be differentially affected by other
nucleotide sugars. One cannot exclude the possibility that not all
Golgiare“createdequal”sincetheypossessdifferentcomplements
of isoforms.
TheinterconversionofUDP-ArapandUDP-Arafiscatalyzedby
a mutase. At least two mutase isoforms are found in rice (Konishi
et al., 2007) and at least three mutases exist in Arabidopsis (Raut-
engarten et al., 2011). These mutases have been shown to exist
predominantly in the cytosol although they may also be closely
associatedwiththecytosolicfaceof theGolgi(Konishietal.,2007;
Rautengartenetal.,2011).Multipleisoformslocatedexclusivelyin
the cytosol generate pools of UDP-Rha, UDP-Api, UDP-Gal, and
GDP-Fuc. Thus, these activated sugars must be imported into the
lumen of the Golgi by nucleotide sugar transporters (Reyes and
Orellana,2008) if they are to be used as substrates by those glyco-
syltransferases that have their catalytic domains facing the Golgi
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lumen. UDP-Xyl, UDP-GalA, and UDP-Arap are also formed by
multipleisoforms.Howevertheseisoformexistinboththecytosol
andintheGolgilumen(Bar-PeledandO’Neill,2011).Suchsubcel-
lular compartmentalization may provide a mechanism to regulate
the channeling of precursor sugars for the synthesis of speciﬁc
polysaccharides.
Enzymes involved in plant N-glycan biosynthesis and process-
ing (Schoberer and Strasser, 2011) and cell wall polysaccharide
formation(Chevalieretal.,2010)havebeenreportedtobetargeted
to and localized in different Golgi sub-compartments. For exam-
ple,the glycosyltransferases involved in forming the side chains of
xyloglucan are differentially distributed across the compartments
of Golgi stacks. The XylT that adds Xyl to the glucan backbone
resides in the cis and medial Golgi cisternae, the GalT the adds
Gal to this Xyl resides in the medial cisternae and the FucT that
fucosylates the Gal resides in the trans cisternae (Chevalier et al.,
2010). Thus, it is probable that speciﬁcally localized transporters
import UDP-Gal and GDP-Fuc into the cisternae where the dis-
tinctglycosyltransferaseactivitiesexist.However,thesourceof the
UDP-Xyl used by the XylT is not known as UDP-Xyl is produced
in both the cytosol and in the Golgi lumen.
Based on analyses of transcriptomic data for individual root
cells (Birnbaum et al., 2003; Brady et al., 2007), the genes encod-
ing the multiple isoforms of the NDP-sugar-forming enzymes are
in large part expressed in all cells,albeit at different levels (unpub-
lished results of the authors). This suggests that multiple isoforms
of the same enzyme activity are essential for the normal function-
ing of a single cell. The challenge will be to decipher the role of
each isoform.
Theﬂuxof precursorsbetweenandwithindifferentsubcellular
compartments is likely to have an important role in regulating the
synthesis of RG-II as well as other cell wall glycans. Sugars may be
channeled to different glycan metabolic routes through different
poolsof nucleotidesugars.Alternatively,partitioningmayprovide
a mechanism to control, at the metabolite level (e.g., UDP-GalA),
theamountsofRG-II,orotherpolysaccharidesproduced.Another
possibility is that the amount of an activated sugar available is
a bottleneck for wall polysaccharide synthesis. For example, the
amountsof UDP-apiosepresentinacellmaybekeytocontrolling
the amounts of RG-II formed. Altering the balance of nucleotide
sugars may also have multiple effects on wall compositions. For
example, analyses of the developing endosperm in the ADP-Glc
transporter mutant (lys) of barley showed that the amounts of
mixed-linkageβ-glucanincreased,presumablyduetoashiftof the
ADP-Glc pool via Glc-1-P to UDP-Glc (Christensen and Scheller,
2012). Interestingly,rice plants carrying a null mutation in a gene
encoding a Golgi-localized UDP-Glc transporter (OsNST1)h a v e
wallsthatarethinnerthannormalandcontainreducedamountsof
cellulose and xyloglucan and increased amounts of arabinoxylan
and pectin (Zhang et al.,2011).
UDP-GlcNAc is used as a donor substrate for the forma-
tion of glycoproteins (Kornfeld and Kornfeld, 1985). In animals,
UDP-GlcNAc is also used by O-GlcNAc transferases for the post-
translational modiﬁcation of regulatory proteins (Comer and
Hart, 2000). Such O-GlcNAc modiﬁcation has been shown to
affect gene expression and contributes to changes in metabolism
and growth (Slawson et al., 2010). Plants contain two O-GlcNAc
transferases referred to as SECRET AGENT (SEC) and SPINDLY
(SPY) that are functionally similar to their animal counterparts
(Hartweck et al., 2002; Olszewski et al., 2010). Mutant analy-
sis has indicated that SEC and SPY-dependent O-GlcNAcylation
may have a role in multiple plant metabolic pathways and growth
processes,although their target proteins remain largely unknown.
SPY has been proposed to modify transcription factors, which in
turn affect a plants response to cytokinin (Steiner et al., 2012).
Thus, plants may be utilizing a O-GlcNAc modiﬁcation to sense
andcontroldiverseplantbiochemicalpathways.Itwillbeof inter-
est to determine if the activities of wall biosynthetic enzymes are
directly or indirectly affected by O-GlcNAc modiﬁcation. It also
remains to be determined if other nucleotide sugars have a role in
as yet unidentiﬁed signaling pathways.
RG-II BIOSYNTHESIS – INITIATION AND ASSEMBLY
Current models of pectin structure depict a macromolecule com-
posed of homogalacturonan, rhamnogalacturonan I and RG-II
domains linked to one another by covalent bonds (Caffall and
Mohnen,2009),althoughtheprecisearrangementof eachcompo-
nentremainsasubjectofdebate(Vinckenetal.,2003).Irrespective
ofhowtheindividualcomponentsarearranged,thepectinmacro-
molecules are believed to be cross-linked to one another in the
walls of growing cells by the formation of borate diesters between
RG-II molecules. Other types of molecular interactions including
Ca2+ cross-links between GalA residues and hydrophobic inter-
actions between methyl-esteriﬁed GalA residues likely stabilize
the pectin network. Such a model of pectin structure, if correct,
raises numerous questions regarding pectin synthesis in general
and RG-II synthesis in particular.
Inaqueousenvironments,pecticpolysaccharidestypicallyexist
as large extended molecules. Light scattering and atomic force
microscopystudiessuggestthatasinglepectinmoleculemayhave
sizesintherangeof 20–170nm(Roundetal.,2001,2010)whereas
a RG-II molecule may have a radius of up to 18nm (Pérez et al.,
2003). Pectic polysaccharides are believed to be synthesized in
Golgi cisternae, which are typically ﬂattened disk-like organelles
with a diameter of up to a 1000-nm long and a height of 40nm
(Seguí-Simarro and Staehelin, 2006; Staehelin and Kang, 2008).
How many pectin molecules can such a cisternae accommodate?
Isthisnumberincreasedbypackingorfoldingof pectinmolecules
in a manner comparable to the compacting of DNA? Are pectins
assembledonmoleculesthatanchorthemtotheGolgimembrane
oraretheyfreetodiffusethroughoutthecisternae?Aretheindivid-
ualpectindomainssynthesizedtogetherorinseparatezonesofthe
same cisternae or in different cisternae? If the individual domains
aresynthesizedseparately,whenaretheylinkedtooneanotherand
whendoesboratecross-linkingofRG-IIoccur?Clearly,thevolume
of the Golgi, the dimensions of the polysaccharides being synthe-
sized, the copy numbers of nucleotide sugar-forming enzymes,
glycosyltransferases, and modifying enzymes along with all the
other molecules that transit through this organelle must be taken
into account to understand how pectin is assembled.
Here, we will for convenience, consider the synthesis of RG-II
as occurring in three distinct steps: ﬁrst, initiation and exten-
sion of the homogalacturonan backbone, followed by side chain
formation and addition to the backbone, and ﬁnally, side chain
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modiﬁcation. The borate cross-link may form during RG-II syn-
thesis or during the incorporation of RG-II into the growing
wall. Under normal growth conditions the apoplast likely con-
tains adequate amounts of borate for cross-linking RG-II. If the
borate cross-link is formed during RG-II synthesis, then mech-
anisms must exist to transport borate into the Golgi. Although
several borate transporters have been identiﬁed in plants,they are
presentintheplasmamembraneandarebelievedtobeinvolvedin
boron uptake from the soil (Miwa and Fujiwara, 2010). Irrespec-
tive of where cross-linking of RG-II occurs,the currently available
evidence suggests that borate diester formation is a spontaneous
self-assembly process that does not require enzymes (Ishii et al.,
1999).
Numerous genes that encode putative GalA transferases have
been identiﬁed (Sterling et al., 2006;Yin et al., 2010). Only one of
these (GAUT1) has been shown to be involved in the formation
of the homogalacturonan backbone (Sterling et al.,2006). To date
no GalAT has been identiﬁed and shown to be involved in the ini-
tiation and elongation of the RG-II backbone. Moreover, it is not
known if RG-II side chains are attached to a pre-existing homo-
galacturonan,orif backboneextensionandsidechainadditionare
coupled to one another.
The formation of RG-II side chains and their attachment to
the backbone may occur through at least two different mecha-
nisms.Thesidechainsmaybeassembleddirectlyonthebackbone
by addition of one sugar at a time or the side chains could be
assembled on a lipid intermediate and then transferred en bloc to
the backbone. Lipid-linked oligosaccharides are known to be used
for the formation of N- and O-linked oligosaccharides of glyco-
proteins (Sharma et al., 1974; Weerapana and Imperiali, 2006).
Arabinose and xylose-containing lipids have been reported to be
formed by pea membranes (Hayashi and Maclachlan, 1984), but
their role in the formation of cell wall polysaccharides remains to
be demonstrated.
Rhamnogalacturonan II xylosyltransferase (RGXT) is the only
glycosyltransferase identiﬁed to date that has been predicted to be
involved in the synthesis of an RG-II side chain (Egelund et al.,
2006;Liuetal.,2011).TheC-terminalcatalyticdomainof RGXT2
has been shown to be localized to the lumen of the Golgi appara-
tus(Søgaardetal.,2012).Recombinantversionsof thistransferase
have been reported to catalyze the formation of the α-Xyl-1,3-Fuc
linkage of side chain A (see Figure 1) using RG-II as an acceptor.
Thus, at least in vitro, xylose can be added to a pre-existing side
chainattachedtoRG-IIandsuggeststhatO-methylationof xylose
occurs after it has been added to side chain A. Identifying other
GTs involved in RG-II synthesis is hampered by the lack of viable
RG-II-defectiveplants.Reverse-geneticapproacheshavealsobeen
of limited success. Thus, it is likely that identifying the genes and
the corresponding enzymes involved in RG-II biosynthesis will
require the use of classical biochemistry.
Studies of the structure of RG-II synthesized by the fucose-
deﬁcient mur1 mutant suggest that in vivo, the transferase that
forms the α-Xyl-1,3-Fuc linkage is less effective when the l-Fuc is
replaced by l-Gal (Reuhs et al.,2004; Séveno et al.,2009). By con-
trast,thetransferasethataddsβ-GlcAtothesameFucresiduedoes
not appear to be affected by the mur1 mutation. This GlcA serves
as the acceptor for the addition of a l-Gal residue (see Figure 1).
Interestingly, silencing genes involved in GDP-l-Gal formation
results in reduced amounts of this l-Gal, decreased borate cross-
linkingofRG-IIandreducedseedlinggrowth(Voxeuretal.,2011).
However, when these same mutants are grown in the presence of
borate, seedling growth, and RG-II cross-linking is restored to
wild-type. This result when taken together with studies of the
mur1 mutant (O’Neill et al., 2001) indicate that altering RG-II
structureresultsinreducedboratecross-linkingofapiose,whichis
detrimental to plant growth. Knowledge of the three-dimensional
structure of RG-II together with insight into how the side chains
interact with one another and with borate and how these interac-
tions are affected by changes in side chain structure are required
to understand the structure-function relationships of RG-II and
borate (Pérez et al.,2003).
Some of the sugars present in the side chains of RG-II are
O-methylated and/or O-acetylated (see Figure 1). However, it is
not known if these modiﬁcations affect the structure-function
relationship of RG-II, since little is known about the genes and
enzymes involved in such modiﬁcations. Early studies of the syn-
thesis of grass 4-O-methyl glucuronoxylans indicated that the
GlcA is O-methylated after it has been transferred to the xylan
backbone (Kauss and Hassid, 1967). Acetyl-CoA has been shown
to be a donor for O-acetylation of plant cell wall polysaccharides
(Pauly and Scheller, 2000), although no protein has been isolated
and shown to acetylate a speciﬁc plant polysaccharide. However,
recentgeneticstudieshavebeguntoshedlightonsomeofthegenes
that may be involved in O-acetylation of plant polysaccharides
(Gille et al.,2011; Manabe et al.,2011).
RG-II DISASSEMBLY
During plant cell growth and development a portion of the wall
is believed to be recycled. Some tissues including, germinating
seeds, developing fruits, and senescing leaves as well as pollen
tubes have higher polysaccharide hydrolytic activity than other
tissues and cells (Hadﬁeld and Bennett, 1998; Buckeridge et al.,
2000; Vicente et al., 2007). The released monosaccharides are
believed to be made available for other metabolic processes or
for conversion to nucleotide sugars and subsequent reincorpo-
ration into the growing wall. Nevertheless, the amounts of cell
wallpolysaccharidesthataresalvagedandthesigniﬁcanceof these
processes for plant growth remains to be determined. Arabidop-
sis mutants that are unable to salvage fucose by converting it to
GDP-Fuc, accumulate large amounts of free fucose but appear
to grow normally (Kotake et al., 2008). By contrast, Arabidopsis
mutants that lack arabinose kinase and thus are unable to con-
vert Ara to Ara-1-P germinate in the presence of arabinose but
fail to grow (Dolezal and Cobbett,1991). Numerous enzymes and
genes involved in the salvage of GalA, Gal, Fuc, Ara, and GlcA
havebeendescribedsuggestingthatnumeroussugarsalvagepath-
ways exist in plants (Bar-Peled and O’Neill, 2011). However, it is
not known if any of the RG-II sugars are recycled. It will be of
interest to determine if plants produce enzymes that fragment the
RG-II backbone and the side chains. Such enzymes would also be
of value for structure-function studies of RG-II, and for the gen-
eration of acceptor molecules for biosynthesis studies, since very
few microbial enzymes have been indentiﬁed that fragment RG-II
(Vidal et al.,1999).
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WHEN DID RG-II FIRST APPEAR IN GREEN
PLANTS – INSIGHT FROM NUCLEOTIDE SUGAR
BIOSYNTHETIC GENES
There is persuasive evidence that RG-II is present in the cell walls
of all major groups of extant vascular plants including lycopo-
diophytes, pteridophytes, gymnosperms, and angiosperms (Mat-
sunagaetal.,2004).Bycontrast,itisfarfromclearwhetherRG-IIis
presentinthecellwallsofavascularlandplants(mosses,liverworts,
andhornworts),andgreenalgae(Matsunagaetal.,2004;Sørensen
et al., 2011). Bryophytes have been reported to contain over 100-
fold less RG-II than dicots on the basis of the boron contents of
their cell walls (Matsunaga et al., 2004). Interestingly, the genome
of the moss Physcomitrella patens contains a gene encoding a pro-
tein with high sequence identity (73%) to Arabidopsis UDP-Api
synthase(seeTable 1).Weidentiﬁednotranscriptsforthisgenein
publicallyavailableESTdatabases,norhavewebeenabletodetect
apiose in the cell walls isolated from Physcomitrella leafy game-
tophoresorprotonema(unpublishedresultsoftheauthors).Thus,
the function of the product of this gene in Physcomitrella and the
biosynthetic pathways that it is involved in remains to be deter-
mined. No monosaccharides characteristic of RG-II have been
detected in the cell walls of charophycean green algae (Sørensen
etal.,2011).Bycontrast,thereisevidencethatthecellwallsofthese
algae and the cell walls bryophytes do contain homogalacturonan
(Moller et al., 2007; Sørensen et al., 2011), whereas rhamnogalac-
turonanImayberestrictedtolandplantcellwalls(Sørensenetal.,
2011).
The walls of several monocots (Alismatales) including Lemna
and the“seagrasses”contain apiogalacturonans (Hart and Kindel,
1970;Golovchenkoetal.,2002;Gloaguenetal.,2010),buttherela-
tionship between RG-II and these polysaccharides is not known.
Apiogalacturonans appear to have a limited distribution in vascu-
lar plants and may be a relatively recent addition to the cell wall
as there are no studies describing their presence in the walls of
non-ﬂoweringvascularplants.Nevertheless,“absenceofevidence”
is not “evidence of absence”. Indeed, mixed-linkage β-glucans
were once believed to be present only in grass cell walls, but
are now known to be a component of the walls of horsetails,
a non-ﬂowering vascular plant (Fry et al., 2008; Sørensen et al.,
2008).
Rhamnoseisacomponentof RG-IIaswellasrhamnogalactur-
onanIandplantglycosides.ItislikelythatinplantsUDP-Rhaisthe
predominate activated form of rhamnose (Bar-Peled and O’Neill,
2011).GenesencodingenzymesforUDP-Rhaexistindiversealgae
and avascular plants (Table 1). Somewhat unexpectedly, genes
with high sequence similarity to plant UDP-Rha biosynthetic
genes have been identiﬁed in viruses that inhabit both Chlorella
and ameba and in selected fungi (Parakkottil Chothi et al., 2010;
Martinez et al., 2012). Moreover, many of these organisms have
been shown to produce UDP-Rha. By contrast prokaryotes uti-
lize dTDP-Rha in the synthesis of Rha-containing glycans (Trezer
et al., 1999). Interestingly the plant enzymes that form UDP-Rha
can also form TDP-Rha in vitro, albeit at lower efﬁciency (Watt
et al., 2004). Such studies suggest that using different forms of
activated rhamnose for the synthesis of rhamnose-containing gly-
cans provides some, as yet unidentiﬁed, evolutionary advantages
for prokaryotes and eukaryotes.
CurrentlyavailabledataisconsistentwiththenotionthatRG-II
appeared early in the evolution of land plants (Matsunaga et al.,
2004; Sørensen et al., 2011). However, this data is insufﬁcient to
determine if this occurred before or after the divergence of avas-
cular and vascular plants. Irrespective of when RG-II appeared
in plants, the question remains as to whether the activated sug-
ars required for RG-II synthesis appeared at the same time as
RG-II or were already present in plants but used for the forma-
tionof othercarbohydrate-containingmolecules.Anexamination
of publically available sequence data (genomic and expression
sequence tags) revealed that genes with homology to UDP-apiose
synthase (UAXS/AXS) exist in land plants but not in green algae
(Table 1). By contrast, genes for the formation of CMP-Kdo are
widelydistributedingreenplants(Table 1).However,thisaloneis
not evidence for the presence of RG-II. For example, the walls of
some members of the Prasinophyceaen algae (Chlorophyta) con-
tain sulfated polysaccharides composed of Kdo, 5-O-methyl Kdo,
Dha, and GalA (Becker et al., 1989, 1991, 1998, 2001). Dha has
also been reported to be a present in the scales of the Streptophyte
alga Mesostigma viride (Domozych et al.,1991). It is believed that
these ancient green algae or their ancestors acquired the genes
for the formation of the activated forms of Kdo and Dha from
prokaryotes (Royo et al., 2000). Interestingly, the Prasinophyte
polysaccharide,whichhasbeenreportedtohaveabackbonecom-
posedof 2,8-linkedKdoresidues,hasstructuralfeaturessimilarto
thepolysialicacidsproducedbyanimalsandbacteria(Muhlenhoff
et al., 1998). The presence in land plants of genes encoding Kdo
transferases can also no longer be considered a marker for RG-II,
as the studies by Raetz and colleagues have shown that Arabidop-
sis has orthologs of several enzymes involved in the biosynthesis
bacterial Kdo-containing glycolipids (Li et al.,2011).
Clearly,ourknowledgeofthechangesinthetypesandamounts
of polysaccharides in the cell wall during the evolution of land
plants is rudimentary (Niklas, 2004; Popper and Tuohy, 2010;
Sørensen et al., 2010; Popper et al., 2011). How such changes
affected wall architecture and function also need to be elucidated.
If substantial advances are to be made in plant cell wall biol-
ogy we will require a combination of chemical, biochemical, and
genetic data from a much wider taxonomic range of Chlorophyta
and Streptophyta (Viridiplantae) than is currently available. Such
metadata can then be evaluated using computational biology to
reveal candidate genes and proteins involved in wall biology in
general as well as in RG-II formation.
FUTURE CHALLENGES
Although there has been some progress in understanding RG-
II structure and function, numerous challenges remain for the
current and future generations of cell wall researchers. Clearly, a
complete description of RG-II formation will require the identiﬁ-
cation of the activated forms of aceric acid and Dha as well as the
functional characterization of the myriad genes encoding the gly-
cosyl, acetyl, and methyl transferases involved in RG-II assembly.
Progress in this area will be dependent on the ability to generate
the appropriate acceptor substrates and to develop facile assays
for the individual transferases activities. Success in these endeav-
ors will provide an opportunity to determine if RG-II is either
formed“one sugar at a time”or built in manner analogous to the
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N-linked oligosaccharides of glycoproteins. With this informa-
tion in hand it will be possible to identify the factors that initiate
RG-II synthesis and to determine the order of side chain assem-
bly. This in turn will lead to insight into whether the amounts of
RG-II formed and inserted into the wall is controlled by the activ-
ities of individual glycosyltransferases, the availability of speciﬁc
nucleotide sugars or other yet to be discovered mechanisms. Since
RG-II cross-linking is sensitive to changes in RG-II structure, it is
important to determine if there are“quality control processes”in
place to ensure that only the correct type of RG-II is deposited in
thecellwall.Additionalstudiesarerequiredtoaddressif esterfor-
mation in vivo is an entirely spontaneous chemical reaction or a
reactioncatalyzedbyothermolecules.Irrespectiveofwhereborate
cross-linking occurs, there is a need to determine how two RG-II
molecules “ﬁnd one another” and then align so that the borate
ester can form. Molecular modeling studies are likely to provide
clues as to the ability of RG-II molecules to form complementary
structures that interact with each other and thereby facilitate and
stabilize cross-linking. In addition, studies are required to deter-
minehowplantcellsdetectchangesincross-linkingofwallpectins
and how such changes are translated into altered growth.Another
major challenge will be to identify the mechanisms that coordi-
nate the synthesis of RG-II and the other pectic polysaccharides
presentinthecellwall.Thereisincreasingawarenessthatplantcell
wall pectic polysaccharides may be formed by enzymes complexes
(Atmodjo et al., 2011). If such complexes do exist, plant scientists
must determine if all three pectin domains are synthesized by a
“mega-complex”in the Golgi and then secreted into the apoplast.
Alternatively, there may be complexes within the Golgi that syn-
thesize the individual pectin domains. These domains would then
need to be linked to one another by enzymes located either in the
Golgi or the apoplast.A combination of genetic,biochemical,and
physicochemicalstudieswillberequiredtounderstandthebiology
of RG-II and will allow researchers to determine if the structural
complexity of RG-II evolved solely to ensure the “correct” borate
cross-linking of pectin in the primary wall or if this unusual poly-
saccharide has other as yet unidentiﬁed functions in plant growth
and development.
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